ABSTRACT: Measurements of specific interactions between proteins are challenging. In redox systems, interactions involve surfaces near the attachment sites of cofactors engaged in interprotein electron transfer (ET). Here we analyzed binding of cytochrome c 2 to cytochrome bc 1 by measuring paramagnetic relaxation enhancement (PRE) of spin label (SL) attached to cytochrome c 2 . PRE was exclusively induced by the iron atom of heme c 1 of cytochrome bc 1 , which guaranteed that only the configurations with SL to heme c 1 distances up to ∼30 Å were detected. Changes in PRE were used to qualitatively and quantitatively characterize the binding. Our data suggest that at low ionic strength and under an excess of cytochrome c 2 over cytochrome bc 1 , several cytochrome c 2 molecules gather near the binding domain forming a "cloud" of molecules. When the cytochrome bc 1 concentration increases, the cloud disperses to populate additional available binding domains. An increase in ionic strength weakens the attractive forces and the average distance between cytochrome c 2 and cytochrome bc 1 increases. The spatial arrangement of the protein complex at various ionic strengths is different. Above 150 mM NaCl the lifetime of the complexes becomes so short that they are undetectable. All together the results indicate that cytochrome c 2 molecules, over the range of salt concentration encompassing physiological ionic strength, do not form stable, long-lived complexes but rather constantly collide with the surface of cytochrome bc 1 and ET takes place coincidentally with one of these collisions.
■ INTRODUCTION
Cytochrome bc 1 is a central enzyme of many bioenergetic pathways. It catalyzes electron transfer (ET) from hydroquinone to the water-soluble cytochrome c and uses the energy released during this process to transport protons across the membrane. One of the requirements for efficient catalysis is the presence of interprotein ET between the hemes of cytochrome c 1 subunit and cytochrome c within a millisecond time scale of enzymatic turnover. This should be viewed in two major terms: structural, describing a spatial orientation of the interacting proteins, and dynamic, describing association and dissociation processes.
It has been generally accepted that protein−protein interactions involve long-range electrostatic interactions that facilitate formation of an encounter complex whereas shortrange interactions lead to the stabilization of a tight complex in a proper spatial configuration. 1−4 Electrostatic forces are usually considered to be a dominant factor that contributes to the binding of cytochrome c to cytochrome bc 1 . This is inferred from many experiments showing a significant salt dependence of ET between heme c and c 1 . 5−8 In the yeast system, an exceptional importance of hydrophobic interactions between the surfaces of the cytochrome c 1 subunit and cytochrome c was proposed on the basis of X-ray structure analysis of cytochrome bc 1 cocrystallized with its redox partner. 9 However, further analysis of these structures with molecular dynamics simulations suggested that salt bridges and H-bonds may be of greater importance than expected from the crystallographic data alone. 10 A convenient model of the mitochondrial system is a bacterial counterpart consisting of cytochrome c 2 and cytochrome bc 1 . Extensive chemical modifications and mutagenetic studies revealed the presence of crucial amino acid residues responsible for salt bridge formation that stabilize the complex. The existence of a complex between cytochrome c and cytochrome bc 1 was shown by measurements of ET between heme c 2 and heme c 1 11,12 as well as by techniques that are independent of ET, such as plasmon waveguide resonance spectroscopy 13 or electron paramagnetic resonance (EPR). 14, 15 Under low ionic strength conditions, the presence of a relatively long-lived complex was inferred from the intramolecular ET between the proteins or by changes in paramagnetic properties of spin-labeled cytochrome c 2 after binding to cytochrome bc 1 .
Increasing salt concentration or mutations of some charged residues resulted in the progressive disappearance of the complexes observed by EPR 14 or in a change of the ET kinetics from intermolecular to bimolecular. 11 These observations were interpreted in terms of a collisional model of ET between cytochrome c 2 and cytochrome bc 1 .
14 It can be rationally envisaged that isolated cytochrome c 1 makes a 1:1 complex with cytochrome c. However, cytochrome bc 1 is a homodimer containing two subunits of cytochrome c 1 thus prediction of how many cytochrome c molecules can be bound simultaneously to the cytochrome bc 1 dimer is not straightforward. This question is relevant to catalysis given that cytochrome bc 1 has been shown to exchange electrons between monomers on a catalytic time scale. 16, 17 Intriguingly, the X-ray crystal structures of yeast cytochrome bc 1 revealed the presence of only one cytochrome c bound to the cytochrome bc 1 dimer. 9 On the other hand, experiments on the bacterial system with the use of plasmon waveguide resonance suggested that oxidized cytochrome c 2 binds to two separate sites on oxidized cytochrome bc 1 with different affinities. The observed biphasic binding was interpreted as an influence of the mobile iron− sulfur head domain on the association and dissociation of cytochrome c 2 . 13 In light of all these studies, the question of how the structure and dynamics of the complex between cytochrome bc 1 and cytochrome c is related to the interprotein ET remains open. In this work we addressed this issue by analyzing the binding of Rhodobacter (Rba.) capsulatus cytochrome c 2 to cytochrome bc 1 using an inversion recovery (IR) EPR technique intended to detect relatively short-range of distances between interacting proteins in a highly specific manner. The approach was based on measurements of magnetic interactions between spin label (SL) on cytochrome c 2 and a fast-relaxing iron ion of heme c 1 in cytochrome c 1 . These interactions were detected as paramagnetic relaxation enhancement (PRE), 18 a phenomenon that has been exploited to study protein−protein interactions by both EPR and NMR spectroscopy, in systems such as cytochrome c−cytochrome c oxidase, 19 cytochrome c− cytochrome c peroxidase, 20, 21 plastocyanin−cytochrome f, 22 and Rieske protein−cytochrome b. 23 Our experiments further support the collisional mechanism in which cytochrome bc 1 does not form long-lived complexes with cytochrome c 2 and ET between the proteins is a product of several collisions between proteins. In addition, they provide insight into how cytochrome c 2 molecules are arranged around cytochrome bc 1 under different ionic strength conditions at different molar ratios of the proteins.
■ EXPERIMENTAL METHODS
Biochemical Procedures. A101C and T68C mutants of cytochrome c 2 were isolated from Rba. capsulatus strains and spin-labeled with BrMTSL 24 as described in ref 14 . Cytochrome bc 1 mutants c 1 :M183K and c 1 :M183K/ FeS:S158A were also isolated from Rba. capsulatus strains according to the procedure described in ref 25 . Before sample preparation, cytochrome c 2 and cytochrome bc 1 solutions were dialyzed against 5 mM bicine buffer, pH 8.0, containing 25% v/ v of glycerol and 100 mg/L n-dodecyl-β-D-maltopyranoside (DDM). Samples with different ionic strengths were prepared by addition of appropriate amounts of NaCl. Concentrations of cytochrome c 2 and cytochrome bc 1 were determined spectrophotometrically as described in ref 14 . The cytochrome bc 1 concentration refers to the concentration of monomers throughout the whole text. Uncertainty in determined protein concentration was around 10−15%. Oxidized cytochrome c 2 was obtained by addition of potassium ferricyanide to a final concentration of 300 μM, which allowed full oxidation of cytochrome c 2 but did not influence the relaxation of SL directly. Before measurements all samples were frozen by immersing the EPR tubes into liquid nitrogen.
EPR Measurements. All EPR measurements were performed on a Bruker Elexsys E580 spectrometer equipped with an Oxford Instrument temperature control system. Pulse EPR experiments were conducted at the Q-band using a Bruker ER5107D2 resonator inserted into a CF935 cryostat. Spin− lattice relaxation times were measured using an IR sequence: π−T−π/2−τ−π with constant τ = 200 ns. The initial T = 300 ns delay was incremented to cover the whole recovery curve after the inverting π pulse. A four-step phase cycling was applied and microwave power was adjusted to achieve a 40 ns π pulse. The effect of spectral diffusion on the measured relaxation times was found to be negligible, as inferred from measurements where the first π pulse of the IR sequence was replaced with a picket fence of ten π pulses 26 ( Figure S1 in Supporting Information). Each IR curve was recorded at the spectral position where the maximum amplitude of the echo is observed (g = 2.0082 for SL at Q-band). Application of the 40 ns π pulse at this spectral position minimized the effect of orientation selection. The measured IR curves were found to be highly reproducible and estimated uncertainties of fitted parameters were less than 1%. X-band continuous wave EPR spectra of FeS were measured at 20 K with the use of an SHQ4122 resonator equipped with an ESR900 cryostat.
■ RESULTS
Spin−Lattice PRE in Spin-Labeled Cytochrome c 2 . As a starting point to measure magnetic interactions that influence the spin−lattice relaxation rates of SL attached to cytochrome c 2 , we examined the IR curves over a temperature range of 20− 120 K for the two single mutants specifically labeled at positions A101C or T68C (A101C-SL and T68C-SL, respectively; Figure 1A ). Without addition of any oxidants, the cytochrome c 2 iron ion is reduced (Fe 2+ ), which is diamagnetic (S = 0). Therefore, it has no influence on longitudinal relaxation of the attached SL (Figure 1B open squares and open circles). Thus, the relaxation of SL was dominated by the two-phonon Raman process and the temperature profiles followed that of the nitroxides in frozen water:glycerol mixtures and the relaxation rates were similar to those previously reported. 27, 28 Ferricyanide oxidizes the ion in cytochrome c 2 to Fe 3+ , which is a low spin (S = 1/2) paramagnetic center and a source of rapidly fluctuating local magnetic field that impacts relaxation of SL attached to the protein. This process manifested itself in an enhancement of the spin−lattice relaxation observed for both of the attached labels in available temperature range for IR experiments. As shown in Figure 1B , the increase in the observed relaxation rates depends on the labeling position (stronger for A101C-SL). The difference in PRE of A101C-SL and T68C-SL is predominantly related to a difference in average distance between each of the SLs and heme iron: 16.7 and 19.3 Å for A101C-SL and T68C-SL, respectively ( Figure   1A ), as calculated using a rotamer library approach (RLA) method in the MMM software package 29, 30 ( Figure S4 , Supporting Information). As the spin−lattice PRE decreases with the sixth power of the interspin distance, the determined difference in distance corresponds to about 2.4 times larger spin−lattice PRE in A101C-SL compared to T68C-SL. This is in agreement with measured values (for example, at 95 K, values of spin−lattice PRE for A101C-SL and T68C-SL are 3.5 × 10 3 and 1.5 × 10 3 s
, respectively). Spin−Lattice PRE in Cytochrome c 2 in the Presence of Cytochrome bc 1 . The next series of experiments were based on the assumption that upon binding of cytochrome c 2 to cytochrome bc 1 , cytochrome c 2 approaches cytochrome c 1 close enough that the paramagnetic iron of heme c 1 can influence the longitudinal relaxation rate of SL. Initially, we examined relaxation rates of A101C-SL and T68C-SL in cytochrome c 2 mixed with an excess of cytochrome bc 1 to ensure that almost all cytochrome c 2 molecules are bound in the complex. In these measurements we used the M183K mutant of cytochrome bc 1 to fully control the redox states of heme c 1 . M183K refers to a point mutation in the cytochrome c 1 subunit, that changes the heme c 1 ligation pattern resulting in a large decrease of redox potential of this heme 31 (more than 200 mV vs wild type). Consequently, M183K was used as a form in which all molecules of cytochrome bc 1 contained oxidized (Fe 3+ ), therefore paramagnetic (S = 1/2), heme c 1 without the necessity to use any external oxidants. Heme c 1 remained oxidized after mixing cytochrome bc 1 with reduced cytochrome c 2 . We note that this is not possible with native cytochrome bc 1 , where the obligatory presence of an oxidant to keep heme c 1 fully oxidized results in unwanted oxidation of heme c 2 .
Parts A and B of Figure 2 compare the temperature dependence of the spin−lattice relaxation rates of A101C-SL and T68C-SL in mixtures containing M183K and respective cytochromes c 2 . The profiles obtained for high ionic strength conditions were almost the same, irrespective of labeled position, and overlapped with respective profiles obtained for A101C-SL and T68C-SL in 0 mM NaCl without cytochrome bc 1 (Figure 2A,B) . This is consistent with the lack of detectable interaction between cytochrome c 2 and cytochrome bc 1 at high ionic strength. In addition, these overlaps infer that NaCl has no effect on spin−lattice relaxation rate of SL attached to cytochrome c 2 (and SL alone), as has been confirmed by separate control experiments (not shown). The profile obtained for A101C-SL at low ionic strength ( Figure 2A ) showed a significant PRE. In case of T68C-SL PRE was much weaker ( Figure 2B ). Nevertheless, in both cases PRE disappears at high ionic strength, which is expected if one considers the electrostatic nature of binding of cytochrome c 2 to cytochrome bc 1 .
The site-specificity of the observed PRE is generally consistent with the structural model of binding. Figure 3 shows spatial orientation of cytochrome c 2 interacting with Rba. capsulatus cytochrome bc 1 derived from the model created on the basis of the crystal structure of iso-1 cytochrome c bound to yeast cytochrome bc 1 9 as described in ref 14 . In this orientation A101C-SL is at shorter distance from the iron of heme c 1 than T68C-SL. Because the spin−lattice PRE is effective over relatively short distances (in this case up to ∼30 Å), only A101C-SL lies within the range of the strong magnetic dipolar field modulated by relaxation of heme c 1 iron. This is reflected in the faster relaxation of A101C-SL than T68C-SL. This also implies that the spin−lattice PRE of A101C-SL specifically monitors the close contact of cytochrome c 2 and cytochrome c 1 that occurs just at the binding interface so that A101C-SL can sense the presence of heme c 1 .
As shown in Figure 3 , besides oxidized heme c 1 , reduced Rieske cluster (FeS) is another paramagnetic metal center of cytochrome bc 1 that potentially could influence relaxation of A101C-SL or T68C-SL. To assess its possible contribution to PRE, we used a double mutant M183K/S158A. M183K/ S158A, in addition to M183K in cytochrome c 1 , contained a point mutation S158A in the FeS subunit in the vicinity of the coordinating shell of FeS. The S158A mutation (similarly to the corresponding S154A in Rba. sphaeroides 32 ) lowers the midpoint potential of FeS by 130 mV (unpublished data); thus M183K/S158A under our experimental conditions maintains paramagnetic heme c 1 and diamagnetic FeS (both fully oxidized). This was verified by X-band CW EPR (not shown). The overlay of open and solid circles in Figure 2A ,B showed that the temperature profiles of the relaxation rates of A101C-SL or T68C-SL did not depend on the redox state of the FeS (were identical for samples containing either M183K or M183K/S158A). This indicates that the reduced FeS does not contribute to PRE within the observed temperature region. The lack of detectable effect of FeS on SL spin−lattice relaxation rate can be explained, first, by the larger separation between the centers and, second, by the fact that the spin−lattice relaxation rate of the FeS (manuscript in preparation) is an order of magnitude slower than the low spin heme iron. 33, 34 In this case the effect of the heme iron dominates any possible contribution from the FeS to observed PRE. Remaining experiments were performed using M183K/S158A. PRE Dependence on Ionic Strength. Figure 4 shows relaxation rates for samples containing M183K/S158A and spin labeled cytochrome c 2 (A101C-SL or T68C-SL) mixed at a 6:1 molar ratio in buffers with varying concentrations of NaCl. All measurements were performed at 95 K, at which PRE effect was sufficiently large (Figure 2A ) and the signal-to-noise ratio was optimal.
For A101C-SL (Figure 4 , circles) the salt dependence was steep, in particular within the range up to 50 mM NaCl. At around 30 mM NaCl the strength of PRE fell to 50% of its maximum value. A further increase in NaCl concentration caused the relaxation rate to decrease less profoundly, with values approaching the 1.9 × 10 3 s −1 limit at NaCl concentrations above 150 mM. This limit corresponds to the rate in the absence of PRE; the measured relaxation rate of A101C-SL becomes equal to the rate obtained in buffer without cytochrome bc 1 . For T68C-SL (Figure 4 , squares) the salt dependence was much less pronounced than for A101C-SL. In the whole tested range of ionic strength, the relaxation rate of T68C-SL mixed with cytochrome bc 1 did not deviate much from the value obtained for T68C-SL in buffer without cytochrome bc 1 .
In general, the increase in the ionic strength causes weakening of the electrostatic forces that stabilize the complex. It can be expected that, as a result of this weakening, the average distance between proteins increases and/or the spatial orientation of the two proteins in the complex changes. Both effects will cause an increase in the average distance between heme c 1 and SL, thereby a decrease in the observed PRE. Such a decrease is clearly visible in the case of A101C-SL, where even small changes in the distance result in significant changes in PRE. The changes for T68C-SL are much less visible because the maximal PRE, at the lowest ionic strength, is much weaker (consistent with the larger interspin distance in the modeled complex, Figure 3) . We note that a larger sensitivity of PRE to ionic strength seen in A101C-SL is consistent with the observation that the temperature dependence profile of PRE in A101C-SL also shows larger ionic strength sensitivity when compared to that in T68C-SL (Figure 2) .
PRE Dependence on the Cytochrome c 2 /bc 1 Ratio. In general, as stated above, the change in the ionic strength may influence both the average distance between proteins (ratio between bound and unbound cytochrome c 2 ) and their spatial orientation. To estimate the contribution of these two factors to the binding process, we performed measurements of the spin−lattice relaxation times of A101C-SL upon titration with increasing amounts of cytochrome bc 1 . We analyzed the data in terms of the relaxation times as they are linearly correlated with the changes in the fractions of bound and unbound A101C-SL (Supporting Information). The titration experiments were conducted under three different ionic strength conditions in attempt to determine both the stoichiometry and the affinity of binding.
When 25 μM A101C-SL was titrated with increasing amounts of M183K/S158A in buffer containing 0 mM NaCl, we observed a progressive decrease in the relaxation time of the SL for concentrations of M183K/S158A up to approximately 30 μM (Figure 5, circles) . The relaxation time approached a limit of 370 μs and did not change significantly upon further addition of M183K/S158A. The titrations performed at 10 and 25 mM NaCl yielded similar profiles, but the slopes and limit levels were different. For 10 mM NaCl a limit of 400 μs was obtained at about 50 μM cytochrome bc 1 ( Figure 5 , solid squares) whereas for 25 mM NaCl a limit of 465 μs was obtained at about 70 μM cytochrome bc 1 ( Figure 5, open  squares) .
The data shown in Figure 5 revealed that the shortest measured relaxation time of A101C-SL at saturating concentrations of cytochrome bc 1 (greater than the dissociation constant; K d ) for each curve is different. This result is interesting in light of the standard approach used for analysis of ligand binding, where weakening of the affinity is usually reflected in a rising of K d value while the amount of bound ligand (which is proportional to the number of binding sites) under saturating conditions remains unchanged. If this were the case, the curves should converge to the same value of the relaxation time. It follows that the observed lack of convergence could, in principle, be interpreted as an indication that the number of the specific binding sites for cytochrome c 2 on cytochrome bc 1 changes upon increasing the salt concentration. However, this explanation seems unlikely. Rather, it can be suggested that the salt influences the spatial orientation of cytochrome c 2 bound to cytochrome bc 1 thereby decreasing PRE.
We attempted to fit the data in Figure 5 with an equation that relates the amount of bound ligand L b (A101C-SL in our case) to the concentration of binding sites P (i.e. cytochrome bc 1 ): 35, 36 
where K d is a dissociation constant, L 0 is a total A101C-SL concentration, and n a is the number of binding sites. We further assumed that the final structure of the complex changes upon increasing salt concentration and the minimum relaxation time observed for each ionic strength for A101C-SL mixed with excess of cytochrome bc 1 corresponds to the state in which a whole population of cytochrome c 2 molecules is bound to cytochrome bc 1 . We performed a fitting the titration data with eq 1, in which the number of binding sites was set to either n a = 1, 2, or 3. For n a = 1 only the data obtained for 25 mM NaCl were fitted well, whereas in two lower ionic strengths this model did not reproduce the titration curves and the greatest discrepancy was observed for the lowest ionic strength (0 mM NaCl). The model assuming n a = 2 yielded a relatively good fit for each titration curve but still was not perfect in the case of lowest ionic strength (0 mM NaCl). A further increase of the number of binding sites (n a = 3) gave the best fit only for the lowest ionic strength but at the same time could not reproduce the titration curve for the highest ionic strength (25 mM NaCl; for details see Figure S2 , Supporting Information). The observation that an increase in n a improves fits for lower ionic strengths whereas a decrease in n a leads to better fits at high ionic strengths suggests that the apparent number of cytochrome c 2 molecules gathered near the cytochrome c 1 changes with the ionic strengththe lower the salt concentration, the larger the number of interacting molecules (SLs interacting with heme Figure 5 . Titration of 25 μM cytochrome c 2 A101C-SL with cytochrome bc 1 at different ionic strengths. Binding of cytochrome c 2 to cytochrome bc 1 mutant M183K/S158A was monitored as changes in average spin−lattice relaxation time. Measurements were performed for solutions containing 0 mM NaCl (circles), 10 mM NaCl (solid squares), and 25 mM NaCl (open squares) at 95 K. Dashed lines represent fits of eq 1 in which n a was substituted with eq 2.
The Journal of Physical Chemistry B . At the same time it can be anticipated that the average number of the cytochrome c 2 molecules gathered near the single cytochrome bc 1 binding domain depends also on the molar ratio between the two proteins. Therefore, we considered a model in which apparent number of cytochrome c 2 molecules n a depends on both the ionic strength and the cytochrome bc 1 − cytochrome c 2 molar ratio according to the following formula:
where R is the cytochrome bc 1 /A101C-SL ratio, n is the number of specific binding sites, and α is the scaling parameter that defines how strongly the negative charges on cytochrome bc 1 attract the cytochrome c 2 molecules to the proximity of the specific binding site. In this formula, n a should be considered as the parameter proportional to an average number of A101C-SL molecules per cytochrome bc 1 , gathered close enough that the relaxation rate of SL is influenced by the heme c 1 iron atom (details in the Supporting Information). In our analysis we assumed the number of specific binding sites (n in eq 2) is one per cytochrome bc 1 monomer (in this type of experiment it is impossible to determine the n value because n is strongly correlated with K d ) ( Figure S3 , Supporting Information).
The fits based on the ligand binding eq 1 with constant parameter n a substituted by eq 2 neatly reproduced all experimental data points ( Figure 5 ), yielding the parameters shown in Table 1 . This correction allowed us to describe the progressive changes in the number of cytochrome c 2 molecules located near the cytochrome bc 1 binding domain from at least 3 for the lowest ionic strength and low R and to 1 for the highest ionic strength in which it becomes independent of R.
Estimation of Average Interspin Distances in the Cytochrome c 2 −Cytochrome bc 1 System Using a "Dipolar Ruler". On the basis of our data and the available structural information, we plotted the extent of PRE (k dip ) as a function of distance between SL and the fast-relaxing heme iron ( Figure 6 ). The k dip values were calculated as the difference between the relaxation rates measured in the presence of PRE and the relaxation rate in its absence. The first two points in Figure 6 included A101C-SL and T68C-SL interacting with the iron of heme c 2 . The average interspin distances for these samples were calculated in MMM software using the structure of spin-labeled cytochrome c 2 , as shown in Figure 1A (also Figure S4 , Supporting Information, for rotamer visualization). The shortest distance of 16.7 Å between A101C-SL and the iron of heme c 2 resulted in the largest k dip (Figure 6 ). The corresponding distance for T68C-SL was larger (19.0 Å) and k dip was 2.5 times smaller in comparison to those for A101C-SL. The two additional points included A101C-SL and T68C-SL interacting with the iron of heme c 1 on cytochrome bc 1 . In this case, distances between SL and the iron of heme c 1 (20.5 and 35.0 Å, respectively) were calculated assuming that the spatial orientation of cytochrome c 2 and cytochrome bc 1 was as in the modeled structure of the complex shown in Figure 3 ( Figure   S3 , Supporting Information, for rotamer visualization). The values of k dip were calculated from the data obtained for samples of A101C-SL or T68C-SL mixed with an excess of cytochrome bc 1 in buffer without NaCl (we assumed that under those conditions a dominant fraction of cytochrome c 2 interacting with cytochrome bc 1 was in a spatial orientation as shown in the model in Figure 3 ).
Using these four points ( Figure 6 , solid symbols) as a reference, we fit the distance dependence of k dip with the r decay function (for details, see the Supporting Information). The quality of the fit (Figure 6 , dotted line) was good enough to conclude that the interspin distance must be a dominant factor in determining the value of k dip . If this is the case, the different levels of the relaxation time approached by the titrations curves of Figure 5 under saturating conditions (cytochrome bc 1 ≫ K d ) reflect salt-dependent changes in the average distance between A101C-SL and the iron of heme c 1 . This prompted us to use the fitted curve as a "dipolar ruler" to estimate the average interspin distance between A101C-SL and the iron of heme c 1 for cytochrome c 2 interacting with cytochrome bc 1 in buffer containing NaCl. Plotting k dip values calculated from the ending points of the titrations of Figure 5 yielded distances of 22.0 and 26.0 Å for cytochrome c 2 − cytochrome bc 1 mixtures at 10 and 25 mM NaCl, respectively.
■ DISCUSSION
When studying protein−protein interactions, it is desirable to obtain information about not only the affinity but also the spatial orientation of the interacting proteins. Ideally, the method should distinguish specific from nonspecific sites, where the term specific means a type of interaction that occurs 
2.7 ± 0.9 2.1 ± 0.5 10 3.9 ± 3.7 1.2 ± 0.9 25 5.1 ± 3.5 0 a The confidence intervals were calculated with significance level of 5% Figure 6 . Spin−lattice PRE dependence on the distance between SL and fast-relaxing heme iron. Solid symbols represent the PRE obtained for A101C-SL interacting with heme c 2 (circle), T68C-SL interacting with heme c 2 (square), A101C-SL interacting with heme c 1 of cytochrome bc 1 :M183K/S158A in buffer without NaCl (diamond), and T68C-SL interacting with heme c 1 of cytochrome bc 1 :M183K/ S158A in buffer without NaCl (triangle). For these samples the average distances between interacting paramagnetic centers were determined using MMM software on the basis of the structural data shown in Figures 1A and 3 . These four points were used to fit the r
distance dependence of PRE (for details, see the Supporting Information). Open symbols represent samples for which the measured PRE was used to determine the average interspin distances in samples containing a mixture of A101C-SL and cytochrome bc 1 :M183K/S158A in buffer containing 10 mM and 25 mM NaCl (square and circle, respectively).
The Journal of Physical Chemistry B with engagement of specific regions of the proteins (binding domains) and leads to a catalytically active complex. Toward this purpose we used the measurements of intermolecular interactions between two paramagnetic centers located on two different proteins. One of these centers is the naturally present iron atom of heme c 1 of cytochrome bc 1 , whereas the second is an SL attached to cytochrome c 2 . As the paramagnetic iron atom is a fast relaxing species, it may influence the relaxation properties of the SL on the second molecule as long as the distance between the centers is close enough to be detected by electron paramagnetic resonance spectroscopy. There are many different techniques allowing a distance determination by EPR spectroscopy such as DEER, RIDME, ESEEM, or relaxation based measurement. 37−39 In our case we exploited the spin−lattice PRE of the SL induced by the heme iron as it is relatively short-ranged, 34 thus providing high specificity. This means that any detectable dipolar interaction must take place very close to the specific binding domain where interprotein ET occurs. At the same time this method is "blind" to spurious, nonspecific binding of cytochrome c 2 to cytochrome bc 1 occurring at regions remote enough from heme c 1 that its impact on spin−lattice relaxation of SL vanishes ( Figure 3) .
The SL was attached to the molecule containing a metal center that, when oxidized, strongly impacts the relaxation of SL ( Figure 1B) . Therefore, in measurements of the interactions between SL and the iron atom of heme c 1 , the fully reduced form of cytochrome c 2 was used for which the intraprotein dipolar coupling did not exist. On the other hand, heme c 1 was kept oxidized and unable to exchange electrons with cytochrome c 2 due to the M183K mutation that drastically lowered its midpoint potential. The redox reactions between the two hemes were intentionally turned off to make sure that the measurements monitored just the structural association of two macromolecules (otherwise, the rather uncontrolled changes in redox states of those hemes would affect measurements and obscure the interpretation of the results). A set of experiments described in Figure 2 established that only heme c 1 influenced relaxation of SL and no contribution from the reduced FeS was observed.
A "Cloud" of Cytochrome c 2 Molecules near the Binding Domain of Cytochrome bc 1 at Low Ionic Strength. The first interesting observation that comes from the titration experiments shown in Figure 5 is that the initial decrease of the titration curves is different for each ionic strength: it is the steepest for 0 mM NaCl, intermediate for 10 mM, and the least steep for 25 mM NaCl. Because this trend cannot be simply explained by changes in K d value (Supporting Information), the fitting of these data to the binding equation required a modification of the term describing the number of binding sites. This modification involved introducing additional contribution to the determined number of bound cytochrome c 2 molecules (eq 2) that depends on the ionic strength (α parameter) and cytochrome bc 1 /cytochrome c 2 ratio (R).
The fitted α values (Table 1 ) reduced from 2.1 for 0 mM NaCl, through 1.5 at 10 mM, to 0 at 25 mM NaCl. When α = 0, the modified equation turns to its classical form, where a single molecule of cytochrome c 2 can interact with a single binding domain of cytochrome bc 1 irrespective of the molar ratio between the two proteins. An alteration of α to a larger value indicates that, in some cases (R < 1, cytochrome c 2 in excess over cytochrome bc 1 ), more than one molecule of cytochrome c 2 can approach the binding domain close enough that the relaxation time of SL is influenced by heme c 1 iron. This could be described as a "cloud" of several cytochrome c 2 molecules gathered in close proximity to the binding domain. As the concentration of cytochrome bc 1 increases (R becomes larger than 1), the cloud of cytochrome c 2 molecules disperses to populate the additional available binding sites. We note that determination of the exact number of gathered molecules is not possible, because α should only be considered as a parameter that is proportional to the number of SLs attached to cytochrome c 2 that are in the range of detectable magnetic interaction with heme c 1 . In other words, an increase of the α value by 1 would correspond to one additional cytochrome molecule c 2 only if the SLs in all bound cytochrome molecules c 2 interacted magnetically with heme c 1 with the same strength, which is unlikely. If one cytochrome c 2 molecule binds in orientation similar to that shown in Figure 3 , additional cytochrome c 2 molecules are expected to experience magnetic interaction of different strength.
Short-Lived Complexes between Cytochrome c 2 and Cytochrome bc 1 at High Ionic Strength. Electrostatic forces have been proposed to be a major factor responsible for formation and stabilization of the cytochrome c 2 complex with cytochrome bc 1 , which is essential to support effective ET between the proteins. Generally, two models of interprotein ET can be proposed. A sequential model, in which a long-lived complex is formed, then ET occurs, and then finally the complex dissociates. 40 Alternatively, two proteins may collide several times before ET occurs and the lifetime of the complex is relatively short. 41 In our case, the complexes between cytochrome c 2 and cytochrome bc 1 at ionic strength corresponding to <150 mM of NaCl must be relatively longlived; therefore, they can be detected by EPR for A101C-SL (Figure 4) . However, at higher salt concentrations (>150 mM) typical of physiological ionic strength the lifetime of the complexes is so short that their concentration falls below the detection level of this method (Figure 4 ). This is consistent with the results of our previous experiments in which the binding was monitored by changes in the shape of the CW EPR spectrum of SL attached to cytochrome c 2 .
14 Salt Dependence of the Average Distance between Heme c 1 and SL in Cytochrome c 2 . When the dependence of PRE on cytochrome bc 1 /c 2 ratio for various ionic strengths was examined, the titration curves approached different ending values of the average relaxation time under saturating conditions (excess of cytochrome bc 1 over cytochrome c 2 ) ( Figure 5 ). Considering that under saturating conditions (R > 1) all molecules of cytochrome c 2 should be bound to cytochrome bc 1 , the measured relaxation time originates from cytochrome c 2 interacting with cytochrome bc 1 . Thus, the different value obtained for each ionic strength can be interpreted as differences in the spatial orientation of the two proteins and/or changes in the distance between the proteins.
On the basis of our dipolar ruler curve (Figure 6 ), we found a linear increase in the average distance between the interacting paramagnetic centers upon the salt concentration increase (raise of ∼0.2 Å in distance on every 1 mM increase of NaCl). Extrapolation of this trend to 100 mM NaCl gives an average distance ∼40 Å, which is beyond the limiting value for the magnetic interactions that can be detected by spin−lattice PRE measurements. 42 However, at this ionic strength we can still detect the residual effect of interaction with heme c 1 (Figure 4) , which indicates that some fraction of cytochrome c 2 is much closer to cytochrome bc 1 than the average 40 Å. By virtue of the use of SL attached at two different positions on the surface of cytochrome c 2 , we were able to obtain information on the spatial orientation of these two proteins forming the complex. Under all investigated conditions PRE was weaker for T68C-SL than for A101C-SL. Such a result indicates that the electric dipole moment of cytochrome c 2 fosters the binding to cytochrome bc 1 in a configuration that facilitates ET between the proteins 15 (in the orientation shown in Figure 3 ). This orientation seems to be maintained even at higher ionic strengths where PRE is still detected. This means that only a small fraction of SL in T68C-SL, if any, approaches heme c 1 closer than shown in Figure 3 as a result of constrained rotation of cytochrome c 2 in the vicinity of cytochrome bc 1 . Rather, a dominant fraction of cytochrome c 2 molecules approaching the binding domain are already oriented in the configuration where heme c 2 faces heme c 1 (Figure 3) .
The fact that the titration curves do not converge to the same ending point ( Figure 5 ) introduces additional degrees of freedom to the mathematical analysis of binding. In particular, a definition of the number of binding sites for cytochrome c 2 on cytochrome bc 1 dimer (discrimination between 1:1, 1:2, etc.) becomes ambiguous within the frame of the models describing ligand binding isotherms ( Figure S3 , Supporting Information). This is because there is no possibility to determine the universal value of this parameter independently of the conditions of salt concentration and/or the ratio between the proteins. In all cases the parameters α, n, and K d remain strongly correlated, which means that they cannot be obtained simultaneously by the fitting procedure (many sets of these parameters reproduce the same curve).
Interprotein ET as a Product of Several Collisions. The general view that emerges from our analysis of PRE between SL attached to cytochrome c 2 and cytochrome bc 1 is summarized in the picture that schematically depicts how cytochrome c 2 molecules might be arranged around cytochrome bc 1 ( Figure  7 ). This ordering depends not only on the ionic strength but also on the reciprocal amounts of the interacting proteins expressed as the ratio R. At low ionic strength and with R < 1 (excess of cytochrome c 2 over cytochrome bc 1 ), the charged residues on the surface of the cytochrome bc 1 binding domain attract cytochrome c 2 molecules very effectively such that they gather forming a cloud of molecules near the binding domain. As we add more cytochrome bc 1 , the cytochrome c 2 molecules occupy the new binding sites and the cloud of cytochrome c 2 molecules disperses. At saturating conditions (R > 1, ionic strength still low) each molecule of cytochrome c 2 occupies a separate binding domain in proximity to heme c 1 (each SL experiences the strongest PRE). This process is illustrated by passing through the top panels of Figure 7 horizontally from left to right. The increase in ionic strength brings about the weakening of attractive electrostatic forces, which also results in dispersing the cloud at R < 1 or increase in the average distance of the complexes at R > 1 (passing through the panels in Figure  7 vertically from top to the bottom). If the salt concentration is sufficiently high (>100 mM), only a few cytochrome c 2 molecules (that are below the detection limit) locate near the binding domain even when R ≫ 1. At the same time the ET process is not stopped at high salt concentration which indicates that the proteins must still interact with each other. However, under these conditions the interaction does not lead to any long-lived stabilized complex, rather the cytochrome c 2 molecules constantly collide with cytochrome bc 1 and the transfer of one electron between hemes is a product of several collisions. This result is an additional support for the simple model of diffusion-coupled and not diffusion-limited mechanism of ET between cytochrome c 2 and cytochrome bc 1 under conditions of physiological ionic strength. 41, 43 The dynamic process of changes in macromolecular organization of cytochrome c 2 near the binding domain of cytochrome bc 1 , described here, emerged from the analysis of changes in spin−lattice PRE which, by its physical nature, was very specific to the studied system. We anticipate that this property makes the method an attractive tool to study specific protein−protein interactions in more complicated systems, for example, when isolating the interactions of interest from a variety of other interactions in the complex molecular-crowded environment. 44, 45 ■ ASSOCIATED CONTENT
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